This paper introduces new compact microstrip line fed dual-band printed MIMO antennas resonating at 28 GHz and 38 GHz which are appropriate for 5G mobile communications. The first design in this work is a two-element conventional rectangular microstrip patch antenna with inset feed intended for 28 GHz and 38 GHz bands. The second design is symmetric dual-band two-element MIMO slottedrectangular patches via microstrip inset fed lines. The dual-band response is attained from inverted I-shaped slots inserted in main patches. The third design is symmetric dual-band four-element MIMO antenna with inverted I-shaped slotted rectangular patches. A slot formed DGS is inserted in the partial rectangular ground plane. The substrate size is 55 × 110 mm 2 , while the introduced antennas have very modest planar configurations and inhabit an insignificant area which make them fit easier within handset devices for the forthcoming 5G mobile communications. Better return losses and larger bandwidths are realized. The MIMO antennas have low mutual coupling without using any added constructions. The antenna systems offer appropriate values of directivity, gain, and radiation efficiency with anticipated reflection and correlation coefficient characteristics which are seemly for 5G mobile applications. The antenna systems are fabricated by a photolithography process that uses optic-radiation to copy the mask on a silicon slab by the aid of photoresist layers and measured using Vector Network Analyzer ZVA 67 (measures up to 67 GHz frequency) with a port impedance of 50 Ω.
size. A lot of research attention has been concerned with multiband antenna systems operating in the millimeter-wave frequency bands and have been aggressively explored [5] .
Numerous designs having multi-band methods are stated at this time that are adopted in the 5G millimeter wave bands. In [6] , a circular microstrip antenna with an elliptically slot at 28 GHz and 45 GHz is introduced. In [7] , a MIMO antenna with triple bands for UWB functions with characteristics of one band notching adjusted at 5 GHz to stoppage the WLAN frequency is reported. The design of a two-dimensional slot antenna working only at 28 GHz which contained 8 essential elements in a 2 × 4 shape was announced in [8] . Two slot antennas covering dual bands at 28 and 38 GHz with band irregular at 33 GHz was presented in [2] . A single band antenna with gain enhancement performances at 28 GHz was offered in [9] . The cellular hand set PCB with single band four elements of a microstrip antenna on a low-cost substrate of FR-4 at 28 GHz was used in [10] . Design of an eight-element microstrip antenna array for 28 and 38 GHz for the next 5G communications was introduced in [11] . A proximity coupling feed slotted patch antenna at 28 GHz and 38 GHz was presented in [12] . A four-element antenna array for 28 GHz, 37 GHz, 41 GHz, and 74 GHz bands was offered in [13] . A massive MIMO for 28/38 GHz antenna was presented [14] . In [15] , the design of eight elements dual-band MIMO antennas for coming smartphones was offered. The antenna had a size of 7 × 15.5 mm 2 for 3.3-3.6 GHz and 4. .0 GHz at fifth-generation bands. The work in [16] introduced an antenna consisting of a radiator with triangular shaping taking exponentially declined edges. The monopole antenna had a condensed area of 10 × 12 mm 2 . A 2 × 2 MIMO antenna existed with an envelope correlation coefficient fewer than 0.001 by measurement. For the earliest time extending to our expertise, this article accommodates various approaches of millimeter-wave (mmWave) 5G antennas for cellular smartphones [17] .
In this article, a condensed MIMO antenna operation at 5G millimeter wave 28/38 GHz frequency bands is introduced for mobile communications. All MIMO antennas are fabricated on an inexpensive Rogers 5880 substrate (lossy) with h = 0.508 mm and ε r = 2.2 and loss tangent tanδ = 0.0009 with dimensions of w × L = 55 × 110 mm 2 . The antenna length is chosen as 55 × 110 mm 2 to be appropriate to be used as the mobile circuit board approximately similar to the dimensions of iPhone SE handset. The introduced antennas offer acceptable results of respectable matched impedance bandwidths, dualband notch ability, and decent radiation patterns. Finally, the designs of two-port and four-port MIMO antennas achieve essential isolation superior to 27 dB without using any added constructions. The MIMO antennas can be simply appropriate into the higher and lower boundaries of modern handheld devices due to its squeezed size. The simulated results display that the three intended MIMO antennas have a dual-band purpose at 28/38 GHz that comprise forthcoming 5G exploitations. Table 1 compares the antenna performance parameters of the cited work with the introduced work in this article. The objective of our exploration is, therefore, to solve the low performance and design difficulty of 5G antennas. In this work, easy fabrications of microstrip antennas are recommended.
SYSTEM DESIGN
The system design is accomplished in three main stages: arising from different two elements antenna design, symmetric two elements MIMO antenna design, and four elements MIMO antenna design. Each antenna configuration is a planar design and would be one of the right choices to get a multi-resonance effect. The three system designs are low cost and low profile printed slotted antennas for millimeter wave 5G mobile communications [18] . The nominated size of the system circuit board in all three designs is 55 mm ×110 mm, which is practical for 5G smartphones. The antenna models are fabricated by a photolithography process that uses optic-radiation to copy the mask on a silicon slab by the aid of photoresist layers and measured using Vector Network Analyzer ZVA 67 (measures up to 67 GHz frequency) with a port impedance of 50 Ω.
Different Two-Element Antenna Designs
In this section, the design of a two-element antenna is introduced. The antenna is studied and fabricated for broadband wireless access provision at two dissimilar operating frequencies for 5G mobile applications which are 28 GHz and 38 GHz. The geometry of the specified antenna is demonstrated in Fig. 1 . It is fabricated on a W × L = 55 × 110 mm 2 Rogers RT5880 substrate of 0.508 mm thickness, dielectric [19] , the 28 GHz antenna acquires patch size of W 28 × L 28 = 3.44 × 3.35 mm 2 with inset feed of g×d 1 = 0.2×1.2 mm 2 as in Fig. 1 (c). Fig. 1(d) illustrates the 38 GHz antenna that acquires patch size of W 38 × L 38 = 3.3× 2.4 mm 2 with inset feed of g × d 2 = 0.2× 0.7 mm 2 . The patches are fed by a microstrip transmission line to motivate the appropriate set of dimensions W F × L F = 1.55 × 2.61 mm 2 to attain 50 Ω input impedance matching. The feeding is not directly constructed on the patch edges but by using multiple quarter wavelength transformers of 75 Ω with dimensions W T × L T 28 = 0.8 × (3 × 1.98) mm 2 and W T × L T 38 = 0.8 × (3 × 1.74) mm 2 for 28 GHz and 38 GHz, respectively. The back view is illustrated in Fig. 1 (b) which is the ground plane of dimensions W × L g = 55 × 22 mm 2 with a slot dimension of W S × L S = 1 × 15.07 mm 2 . An extended rectangular strip is imprinted from the ground plane between the two antennas to additional reduction in the mutual coupling and increment in the impedance bandwidth [20] . The focal principle for multi-port design is mutual coupling, which mostly rises due to the smaller distance between the two antennas, by expanding the distance between the two antenna elements, and the mutual coupling can be diminished. The parting between the two edges of the patch antennas is D = 10.13 mm which is about λ to evade grating lobes. The width and length of the inset feed have an expressive influence on the resonant frequencies and return loss levels, so the greatest satisfactory results should be achieved and established on optimization and numerous parametric cases.
On the back side of the substrate, a slot is engraved on the ground to upgrade impedance matching and isolation. The concluding optimized parameters are listed in Table 2 .
Experimental Results
The antenna performance is measured by Vector Network Analyzer ZVA 67 (measures up to 67 GHz frequency) with a port impedance of 50 Ω. The comprehensive integrated systems resonate at 28 GHz and 38 GHz. The array is auxiliary analysed and fabricated for the following parameters. 
Return Loss and Mutual Coupling
Figs. 2(a), 2(b) demonstrate the |S 11 | and |S 22 | plots after simulation and fabrication. We can perceive |S 11 | and |S 22 | < −10 dB for the 28 GHz and 38 GHz mm-Wave band frequencies. As a result, both antennas befit the wanted necessities of the return loss. The two elements provide 27.946 GHz and 37.83 GHz frequencies from simulation, and the measured two-element design provides 28.3 GHz and 38.9 GHz frequencies. All of these bands are subjected in 5G wireless communication. The plot in Fig. 2(c) illustrates the transmission coefficients for the two-port antenna system. We can perceive S 21 and S 12 < −29 dB for 28 GHz and 38 GHz mm-wave frequencies; therefore, the two antennas are independent of each other. and the mutual coupling value between the two antennas is very low. There is a respectable match between the results attained from simulation and measurement. Besides, there are no separate constructions of isolation used among antenna elements, and outstanding isolation is realized. The dissimilarity between the obtained results from simulation and measurement of reflection and transmission coefficients may be due to the tolerance in fabrication, loss tangent of the Rogers substrate, mismatching between the connector and antenna feeder, SMA connector loss, inadequate soldering of the SMA connector, and environmental effect.
Surface Current Distribution
To give a good vision on the operation of the introduced antenna, the surface current distributions are explored at the frequencies of 28 and 38 GHz using CST software as shown in Fig. 3 . It is explicit that the surface current primarily focuses on the main patches at the resonant frequencies of 28 GHz and 38 GHz, respectively. 
Gain and Radiation Pattern
The patterns of the radiated far-field of the antenna are presented in Fig. 4 . The simulated directivity, gain, and efficiency of the mm-wave two-element antenna reach 7.581 dBi, 7.182 dBi, and 91.24% at 28 GHz and 9.716 dBi, 9.24 dBi and 89.63% at 38 GHz, respectively. The introduced antenna performs very well in the chosen frequency bands. The results gained from positioning two-element antenna in one design are better than that gained from single separated elements, and there is an enlargement in all antenna parameters. Figure 5 illustrates photographs of the different two-element 5G antennas which are fabricated by a photolithography process that uses optic-radiation to copy the mask on a silicon slab by the aid of photo resist layers. 
SYMMETRIC TWO-ELEMENT MIMO ANTENNA DESIGN AND RESULTS

Antenna Design
In this subsection, a compact two-element dual-band slotted microstrip MIMO antenna for mobile communication applications is constructed and fabricated. The MIMO antenna is achieved by presenting two rectangular microstrip patch elements and cutting inverted I-shaped slots at the upper sides of the patches as revealed in Fig. 6 . This antenna is designed on a lossy Rogers 5880 substrate with h = 0.508 mm, ε r = 2.2, and loss tangent tan δ = 0.0009 with size of w × L = 55 × 110 mm 2 . The slots imprinted in the rectangular patches vary with altered sizes of cutting lengths. This variation leads to decent matching at the wanted frequencies. The slot dimensions are revealed in Fig. 6(c) . The single antenna develops patch size of W P ×L P = 4.59×2.82 mm 2 with inset feed of g ×L i = 0.2×1.2 mm 2 . The two patch edges are separated by a distance of D = 9.41 mm (about 0.87λ) to evade mutual coupling and grating lobes. Hence, the two separated antennas in the introduced MIMO system are sufficient when being related to other systems. The ultimately adjusted parameters are listed in Table 3 .
Experimental Results
Return Loss and Mutual Coupling
For the MIMO antenna composed of two elements, the −10 dB BWs realized at 28 GHz and 38 GHz are 1.0683 (27.58-28.649) GHz and 1.4306 (37.213-38.643) GHz, respectively. The simulated and measured reflection coefficients of the introduced antenna are displayed in Fig. 7(a) . The measured and simulated data are in a respectable match with acceptable frequency discrepancies. Only S 11 and S 21 coefficients 
are given, owing to the similarity of the two elements. It is remarkable that inter-element mutual coupling is decreased by separating the elements. The isolation is superior to −29.34 dB and −27.28 dB for the lower and higher frequencies, respectively. Figure 8 demonstrates the surface current distributions at the frequencies of 28 and 38 GHz. It is obvious that the surface currents predominantly focus on the main patch at the resonant frequency of 28 GHz, in the "close to the inner area of the I-slots". The current paths rise at the resonant frequency of 38 GHz due to the movement of the current around the slots.
Surface Current Distribution
Gain and Radiation Pattern
The obtained gain in this study is the optimal gain of a single patch microstrip slotted antenna. The antenna system offers maximum directivity, gain, and efficiency of 8.63 dBi, 7.882 dBi and 89.74% at 28 GHz and 10.021 dBi, 9.494 dBi and 88.59% at 38 GHz, respectively. The attained sidelobe levels are −8.3 dB at 28 GHz and −1.1 at 38 GHz as shown in Fig. 9 . In the higher frequency band, the antenna gain is bigger. On the other hand, the radiation efficiency is reduced at the higher band. This may well be owing to the point that the directivity increases at the higher frequencies. The radiation efficiency η is the relation between gain g and directivity D, and while the directivity increases, the radiation efficiency decreases rendering to Eq. (1). The loss tangent tan δ (happens due to the resistance in the dielectric) increases with frequency. This diminishes the radiation efficiency at higher frequencies but by the way of the directivity (which the radiation efficiency is not taken into account) increases for that specific frequency, and consequently the antenna gain at that frequency increases [21] . g = ηxD (1)
Correlation Coefficient
A significant factor for MIMO antenna characterization is the correlation coefficient (ρ). It is a measure of the isolation between numerous MIMO antenna channels and the correlation between signals received at similar sides of a wireless link. The envelop correlation coefficient (ECC) is used to estimate the diversity proficiency of multiple antenna systems by Eq. (2), in which small ECC value means greater isolation and large diversity gain. ρ should be smaller than 0.5 for decent MIMO process. This value is considered by the square root of the envelope correlation coefficient which can be calculated in a constant multipath situation using [22] . For the offered MIMO antenna system, ρ is calculated at the two frequencies 28 and 38 GHz, and the corresponding obtained values are 1.36 × 10 −5 and 3.86 × 10 −5 , respectively as publicized in Fig. 10 . It is noticeable that the designed MIMO antenna system satisfies the requirement for good MIMO operation for 5G mobile applications.
(2) Figure 11 shows the fabricated two-element MIMO 5G antenna.
FOUR ELEMENTS MIMO ANTENNA DESIGN AND RESULTS
Antenna Design
In this subsection, the design of a four-element dual-band 28/38 GHz printed slotted microstrip antenna for the upcoming 5G mobile networks is introduced. By precisely employing two antennas of a similar variety at the lower verge and employing two antennas of a similar variety at the higher edge situated on the same 110 × 55 mm 2 PCB of the mobile substrate, the four-element MIMO antenna is formed. The four-port MIMO antenna is considered as displayed in Fig. 12 . The antennas in the array have similar dimensions as declared in Section 3.1. 
Experimental Results
Return Loss and Mutual Coupling
The reflection coefficients |S 11 | for the introduced four-element 5G MIMO antenna intended from simulation and measurement are illustrated in Fig. 13 . It is obvious that the introduced MIMO antenna has moral matched impedances at the two wanted frequency bands of 28/38 GHz for |S 11 | smaller than −10 dB. Due to the similarity between the four elements, only S 11 , S 21 , S 31 , and S 41 coefficients are displayed in figures. The isolation is superior to −28.32 dB and −26.27 dB for the higher and lower frequency bands, respectively. It is distinguished that inter-element mutual coupling values are reduced from the two elements MIMO system introduced in this paper. Figure 14 demonstrates the surface current distributions of the four-element MIMO antenna at frequencies of 28 and 38 GHz. 
Surface Current Distribution
Gain and Radiation Pattern
The radiation pattern of the introduced four-element MIMO antenna outcomes from the simulation is obtained in Fig. 15 
Envelope Correlation Coefficient
For the introduced four-element MIMO antenna system, ρ is intended at the two frequencies 28 GHz and 38 GHz, and the equivalent gained values are 2.46 × 10 −5 and 7.65 × 10 5 , respectively as exhibited in Fig. 16 . It is noticeable that the considered MIMO antenna system gratifies the requirements for decent MIMO operation for 5G mobile applications. Fig. 17 displays the fabricated four-element MIMO 5G antenna. Such designs are very smart to be combined in the upcoming mobile terminals for short-range 5G mobile communications. The simulated reflection and mutual coupling coefficients, gain, and envelope correlation coefficient values of the introduced two and four elements antennas at the two wanted frequencies are exposed in Table 4 . 
CONCLUSION
Novel compact microstrip line fed dual-band printed MIMO antennas for wireless mobile communication applications are presented. The introduced MIMO antennas are planned to be functioned at 28 GHz and 38 GHz which are appropriate for 5G mobile applications. The substrate size is 55 × 110 × 0.508 mm 3 , while the introduced antennas have very modest planar constructions and occupy an insignificant area which makes them simpler to fit within handheld devices for the forthcoming 5G mobile communications. Better return losses and larger bandwidths are accomplished than some of the cited works as in [7, 12, 13] . The MIMO antennas have small mutual coupled values without using added constructions for isolation. The antenna systems offer moderate values of directivity, gain, and radiation efficiency with desirable reflection and correlation coefficients characteristics which are appropriate for next 5G communication applications.
